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Subcellular localization of RNAs is a critical biological process for generation of cellular asymmetries for
many cell types and a critical step in axis determination during the early development of animals. We
have identiﬁed transcripts localized to the anterior and posterior of honeybee oocyte using laser
capture microscopy and microarray analysis. Analysis of orthologous transcripts in Drosophila indicates
that many do not show a conserved pattern of localization. By microinjecting ﬂuorescently labeled
honeybee transcripts into Drosophila egg chambers we show that these RNAs become localized in a
similar manner to their localization in honeybee oocytes, indicating conservation of the localization
machinery. Thus while the mechanisms for localizing RNA are conserved, the complement of localized
RNAs are not. We propose that this complement of localized RNAs may change relatively rapidly
through the loss or evolution of signal sequences detected by the conserved localization machinery, and
show this has occurred in one transcript that is localized in a novel way in the honeybee. Our proposal,
that the acquisition of novel RNA localization is relatively easy to evolve, has implications for the
evolution of symmetry breaking mechanisms that trigger axis formation and development in animal
embryos.
& 2013 Elsevier Inc. All rights reserved.Introduction
Many animals initially establish the axes of the early embryo
through the asymmetric distribution of transcripts encoding
patterning factors (Bashirullah et al., 1998; Olesnicky and
Desplan, 2007; Steinhauer and Kalderon, 2006). Subcellular loca-
lization of cellular RNAs is an evolutionally conserved mechanism
for producing cellular asymmetries from yeast to mammals
(reviewed in Bashirullah et al. (1998)) and is vital in a numerous
of biological processes including axis patterning.
In Drosophila and many other insects, maternally provided
mRNAs are produced by the nurse cells of the ovary and enter the
oocytes through ring canals (Clark et al., 2007). Many genes with
important roles in early embryonic patterning and axis speciﬁca-
tion in Drosophila have RNAs that are maternally provided, and
are also localized to particular regions of the oocyte (Riechmann
and Ephrussi, 2001). For example, the anterior patterning deter-
minant bicoid (bcd) is expressed maternally and its mRNA is
localized, through attachment to polarized microtubules (Cha
et al., 2001), to the anterior pole of Drosophila oocytes. This resultsll rights reserved.
Wilson).
atory, Department of
054, New Zealand.in a small gradient of bcd mRNA in fertilized eggs, and a protein
gradient of bcd across much of the syncytical blastoderm embryo,
that is required to establish the anterior–posterior axis of the
Drosophila embryo (Berleth et al., 1988). Likewise the mRNA of the
posterior determinant, nanos (nos) is localized to the posterior pole
in the oocyte, resulting in peak nos mRNA (and thus nos protein) at
the posterior and low levels at the anterior (Wang and Lehmann,
1991). Establishment of the dorsal–ventral axis (D/V) also requires
localization of an mRNA, this time encoding a signaling factor, the
TGF-a member Gurken, to the anterior–dorsal part of the oocyte
(Morgan and Mahowald, 1996). This triggers local activation of the
EGFR pathway in the overlying follicle cells and produces a cascade
of events that lead to establishment of the dorsal–ventral axis in the
early embryo. Together, RNA localization of maternally-provided
patterning transcripts encoding both transcription factors and
signaling molecules determines A/P and D/V axes in Drosophila.
Surprisingly, despite their essential roles in Drosophila axis
patterning, orthologues of bcd and gurken are missing from the
genomes of many insects (Consortium, 2010; Dearden et al.,
2006); indeed even a key component in posterior localization,
oskar, is present in only a subset of insects, and lost in others
including Apis (Dearden et al., 2006; Lynch et al., 2011). Oskar is
required for germ plasm assembly, a specialized cytoplasm
associated with establishment of the germline, that honeybees
lack (Dearden, 2006; Ephrussi et al., 1991). Additionally, studies
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genes involved in axis patterning and segmentation localize to
regions of the oocyte and embryo that differ from their Drosophila
orthologues (Bucher et al., 2005; Lynch and Desplan, 2010;
Olesnicky and Desplan, 2007; Wilson et al., 2011, 2010; Wilson
and Dearden, 2011). This is even apparent between two closely
related insects, Nasonia vitripennis and Apis mellifera (honeybee)
that diverged 150 MYA. These two hymenopterans make exten-
sive use of maternal localization RNAs however the function of
these RNAs in embryo patterning varies considerably between the
two insects (Lynch et al., 2006a; Lynch and Desplan, 2010; Wilson
and Dearden, 2009, 2011; Wilson et al., 2010). In the parasitic
wasp Nasonia orthodenticle-1 (otd-1) mRNA is localized to the
anterior and posterior poles of the Nasonia oocyte and has a role
in patterning of both poles, whereas in the honeybee, maternal
Am-otd-1 is only localized to the anterior half of the mature
oocyte and the syncytical blastoderm embryo, and has a role only
in anterior patterning (Wilson and Dearden, 2011). In Nasonia, the
gap gene giant (Nv-gt) is maternally expressed and localized to
the anterior of the oocyte, whereas in the honeybee Am-gt is not
expressed anteriorly until early embryo development following
upregulation of its expression by Am-hunchback and Am-otd-1
(Olesnicky and Desplan, 2007; Wilson and Dearden, 2011; Wilson
et al., 2010).
Posterior localization of Nasonia caudal (cad), nanos and otd-1
mRNAs contribute to patterning of the posterior axis of the
Nasonia embryo (Lynch et al., 2006a; Olesnicky et al., 2006).
In the honeybee, the mRNA for the posterior determinant Am-cad
is localized anteriorly in the honeybee queen ovariole and only
later is it relocated posteriorly in association with energids during
early embryogenesis (Wilson et al., 2010). Am-tailless, a transcrip-
tion factor required for speciﬁcation of the posterior end of the
embryo, is maternally expressed in the honeybee queen ovary and
its mRNA is localized to the dorsal side of the oocyte (Wilson and
Dearden, 2009), while in other arthropods, tailless mRNA is not
maternally expressed (Garcia-Solache et al., 2010; Lemke et al.,
2010; Liaw and Lengyel, 1993; Lynch et al., 2006b; Schroder et al.,
2000). This demonstrates that maternally-expressed localized RNAs
in insect oocytes are evolutionarily labile. These differences may
have important implications for early patterning of insect oocytes.
We have previously shown that the transcripts of several
patterning genes are localized in the honeybee oocyte and early
embryo (Wilson et al., 2011, 2010; Wilson and Dearden, 2008,
2009, 2011), indicating extensive use of maternal RNA localiza-
tion in this insect. Given this and the absence of many maternal
Drosophila patterning factors from the honeybee genome
(Dearden et al., 2006), we examined the nature of RNA transcripts
in the honeybee oocyte using a non-biased method, examined
their localization in honeybees and Drosophila and determined if
the mechanisms that recognize transcripts in Drosophila are able
to recognize, and correctly localize, honeybee transcripts.Methods
LCM and microarray
A whole-genome oligonucleotide array for the honeybee
genome has been developed (http://www.biotech.uiuc.edu/centers/
Keck/Functional_genomics/Honey%20Bee%20Oligo.htm). Oligonu-
cleotides used in the construction of these microarrays are based
on gene predictions from the annotation of the honeybee genome
and represent every predicted and known gene encoded in the
genome.
Queen ovaries were frozen in OCT cryo-compound for section-
ing on a Leica cryostat. Slides with frozen sections of queenovaries were prepared, and, using a Laser Capture Microscope
(Arcturus LM200 Pixcell II system). This system enabled capture
of individual regions of stage 8 oocytes onto a plastic membrane
held on a cap (Capsures LCM Cap (Arcturus)). Anterior, posterior
and central cytoplasm of approximately 200 mature oocytes
(stage 9, (Wilson et al., 2011) were extracted using the
RNAquaeous-Micro Kit (Ambion). Ovaries from three queens were
sectioned to provide biological replicates, and RNA extracted and
pooled for each queen. To obtain sufﬁcient yields of RNA for array
hybridizations, RNA was ampliﬁed using the Ambion Messa-
geAmpTM amino-allyl aRNA ampliﬁcation kit (Life Technologies),
based on the Eberwine method (van Gelder et al., 1990).
An amount of 10 mg of total aRNA/cDNA was used for labeling
with Cy3 and Cy5 (Life Technologies). Each comparison (A vs. P, A
vs. C, P vs. C) was performed in triplicate, including a ‘dye swap’
for each comparison.
Microarray hybridization was performed as follows. Following
dye-coupling the samples were resuspended into a ﬁnal volume
of 50ml in Slidehybe]1 hybridization buffer (Slide hybridization
buffer 1; Ambion) and added to pre-blocked slides (pre-blocked in
4 SSC, 0.5% SDS, 1.5% BSA for 1 h and dried). Slides were
hybridized at 42 1C for 16 to 20 h in a hybridization chamber
(Corning). Slides were then washed twice with 2 SSC-0.1% SDS
buffer for 10 min at 42 1C with shaking, then once with 1 SSC,
0.1 SSC and twice with 0.5 SSC and once with 0.1 SSC for
10 min each wash at room temperature. Finally, the slides were
dried by centrifugation at 800 rpm for 20 min before scanning.
Microarray data acquisition and analysis
Each array was scanned on GenePix scanner (Axon Instruments)
and analysed using GenePix 4.0 software to process images, ﬁnd
spots and create a ﬁle of raw spot intensity data. Data from spots
ﬂagged as ‘bad’ (due to hybridization or printing quality) or ‘not
found’ were removed. All spots with values equal to, or below, the
negative control were removed from further analysis. Data was
analysed using GeneSpring GX software. Raw data, ﬁltered by
percentile and statistical tests using median background signal
intensity values, are presented in Supplementary Files 1–3.
Gene ontology analysis was carried using DAVID (http://david.
abcc.ncifcrf.gov/) to discover functionally related gene groups that
were signiﬁcantly enriched in our data sets. Honeybee gene lists
were converted to their Drosophila orthologue (as determined by
reciprocal Blast) to create a gene list for input into DAVID. Gene
list identiﬁers were Drosophila ﬂybase gene IDs, with the back-
ground set as Drosophila melanogaster. P-value for individual Gene
Ontology terms is calculated with a modiﬁed Fisher’s exact test
(EASE score). Gene Ontology terms are grouped into ‘functional
annotation clusters’ by DAVID that gathers similar annotation
terms together (Supplementary Files 4–6).
Wholemount in situ hybridisation
Digoxygenin (DIG)–RNA probes for honeybee genes were
synthesized from PCR fragments of gene coding sequences ampli-
ﬁed from embryo cDNA (primer sequences in Supplemental
Table 1), and cloned into pBluescript or pGEM-T Easy (Promega)
using standard cloning methods. In situ hybridization was carried
out as described in (Osborne and Dearden, 2005). Drosophila
ovaries were dissected in cold PBS, ﬁxed in 4% formaldehyde
(PBS)/heptane (1:1) for 20 min and then stored in methanol.
Drosophila ovary in situ hybridization was carried out using the
same protocol as for honeybee ovaries other than a shorter
(5 min) incubation with proteinase K (20 mg/ml). Gene sequences
used for probe production for Drosophila in situ hybridization
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(Supplementary Table 2).
Fluorescent labeling and injection of labeled transcripts
Run-off transcription, using a MEGAscript kit (Ambion), was
carried out on linearized plasmid DNA (1 mg) templates to produce
sense RNA for injection. 507-methyl guanosine cap analog, and Alexa
Fluor 488-5-UTP (0.25 nmol) were included in the synthesis reaction
to generate ﬂuorescently-labeled capped RNA. The in vitro transcrip-
tion reaction was left to proceed for 4 h at 37 1C, the labeled RNA
then puriﬁed using phenol/chloroform extraction, and dissolved in
RNase-free water for injection at 0.1 mg/ml.
Ovaries from a mated, laying, queen bee were dissected in
Schneiders medium (Invitrogen), supplemented with 20% fetal calf
serum. Each ovary was separated into individual ovarioles for
microinjection. Ovarioles were placed on a slide adjacent to a ﬁxed
coverslip and nurse cell clusters (associated with oocytes) were
injected with labeled capped RNA. Injected ovarioles were placed
into a well of a 12 well culture dish with 0.5 ml of culture media for
5 h at 35 1C and then imaged on a Olympus BX61 microscope.Results
Identiﬁcation of potential patterning gene transcripts that are
localized in honeybee queen oocytes
To identify genes whose RNAs are localized to the anterior or
posterior regions of the honeybee queen oocyte we used amicroarray
screening approach. Honeybee oocytes are large, and abundant as
each ovary contains over 200 ovarioles (Tanaka and Hartfelder, 2004).
Each ovariole is divided into a terminal ﬁlament, germarium
and ﬁnally the vitellarium that contains maturing oocytes (WilsonFig. 1. Validation of RNA localization by in situ hybridization. Labeled RNA probes were u
being enriched to the poles of the oocyte. Transcripts from the microarray analysis th
anterior half of the embryo these include Am-tsu, GB19578, GB13806, GB12151, Am-W
(asterisk)). Array posteriorly enriched RNAs (GB20112, GB12109, GB12215, GB11497, G
Transcripts found to be enriched to both poles were identiﬁed by central verses poster
the left and dorsal side up.et al., 2011). The nurse cell cluster is grouped separated to the
neighboring oocyte, which is surrounded by a layer of follicle cells
(Wilson et al., 2011). The oocyte goes thorough 8 stages of maturation
before fertilization and laying. By stage 8 the follicle cell layer begins
to degenerate and the egg is surrounded by a layer of chorion. LCM
was used to dissect out anterior, posterior and central portions of
mature oocytes (stage 8) and, using microarrays, we identiﬁed
transcripts that appear to be differentially localized in the honeybee
oocyte. We selected stage 8 oocytes as we wished to identify
asymmetrically localized RNAs that might have some role in early
embryo patterning.
Identiﬁcation of transcripts that are present at higher concen-
trations of each of these regions allowed us to produce rankings of
genes that have asymmetrically distributed RNAs across the A/P
axis after statistical analysis (Supplementary Files 1–3). Of the
178 transcripts identiﬁed, 84 are distributed anteriorly and 94 are
enriched posteriorly in the honeybee oocyte. Drosophila ortholo-
gues for each gene were identiﬁed by reciprocal BLAST analysis:
53 genes (30% of the total) across the analyses had no known
Drosophila (or other insect) orthologues identiﬁable by BLAST.
The expression patterns of selected genes (selected to cover a
range of fold-enrichments) from our list of genes with unevenly
distributed mRNA was validated using in situ hybridization (Osborne
and Dearden, 2005), to conﬁrm the asymmetric location of these
transcripts in the developing oocyte. Twenty-four genes were cloned
and used to make labeled probes for whole mount in situ hybridi-
zation on queen ovarioles (examples are shown in Fig. 1 and
Supplementary Fig. 1). All transcripts identiﬁed as being enriched at
either the anterior or posterior on the microarray also exhibited
asymmetrical distribution in the mature oocyte with the exception of
yellow-G, which had patchy distribution throughout subsets of follicle
cells (data not shown). Two transcripts, identiﬁed in the central versus
posterior array comparisons, showed enrichment to both poles of the
oocyte (GB17282 and GB10488). Those transcripts we examined withsed to determine the expression of transcripts identiﬁed in microarray analysis as
at were identiﬁed as being anteriorly enriched were found to be conﬁned to the
ntA, GB17957, GB14657, GB18516 and GB18412 (localized to the oocyte nucleus
B17175, GB14584, GB11911, GB14758) proved to be posteriorly localized in vivo.
ior comparison (GB17282, GB10488). Stage 7–8 oocytes are shown with anterior at
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Files 2 and 3) were found throughout the oocyte by in situ hybridiza-
tion (Supplementary Fig. 1). These experiments conﬁrmed that the
LCM-microarray experiments had produced a catalogue of genes
whose RNAs are asymmetrically distributed to the anterior and/or
posterior poles in the honeybee oocyte.
We next examined if speciﬁc biological functions were enriched
in our data sets by classifying the Drosophila ortholog of the
honeybee genes according to Gene Ontology using DAVID (Huang
da et al., 2009a, b) (Fig. 2). While Drosophila diverged from last
common ancestor with honeybee 300 MYA, the assumption is that
orthologous genes are predicted to have retained similar biological
functions over evolutionary time based on conservation of protein
sequences (Fitch, 2000; Sjolander, 2004). Functional annotation
clustering groups proteins with signiﬁcantly enriched annotations
together (DAVID cluster analysis is provided in Supplementary
Files 4–6). These clusters that showed a signiﬁcant (P r 0.05)
overrepresentation are summarized in Fig. 2. We found signiﬁcant
enrichment for those genes involved in such processes as cytoske-
leton organization (GO:0007010; P¼0.005), macromolecule locali-
zation GO:0070727, P¼0.02), gamete production including maternal
determination of A/P axis, embryo (GO:0008358, P¼0.005), RNA
processing (GO: 0016071, P¼0.006) and regulation of transcription
(GO: 0045449, P¼0.03) (Supplementary Files 4–6). The analysis also
indicated that different groups of cytoskeletal organization genes
have asymmetrically enriched RNA; Tsu, Rpn1, Dim1, Tcp-1zeta,
RpL35, CG9893 in the anterior dataset and TOP2, CDC42, HSP83,
CYCT, EMB, PKA-C1, MIRO, WASP in the posterior group.Lack of conservation of RNA distribution between orthologous
transcripts
To determine whether the RNA localization of these transcripts is
evolutionarily conserved we examined the ovary RNA expression of
D. melanogaster orthologues of twelve of the Apis localizedFig. 2. Gene Ontology analysis of asymmetrically distributed RNAs. Predicted biologica
reciprocal blast analysis). DAVID analysis software clusters similar functional terms (GO
signiﬁcant individual P values (Po0.05) are shown in this ﬁgure. The number of genetranscripts identiﬁed as being localized in this study (Fig. 3 and
summarized in Table 1). Although many of these RNAs were
expressed maternally, most produced ubiquitous staining through-
out the egg chamber or oocyte (Fig. 3A). Only 3/16 of the Drosophila
transcripts examined were found distributed asymmetrically in
Drosophila oocytes (Fig. 3B; Table 1). This included the transcript
for Dm-TOP2, which is found in aggregates in the cytoplasm of the
nurse cells and around the oocyte nucleus in stage 6 egg chambers.
In stage 8 egg chambers, Dm-TOP2mRNAwas located at the anterior
of the oocyte, at the dorsal and ventral poles (Fig. 3B arrows), later
enriched to the dorsal side of the oocyte. Dm-Droj2 was strongly
expressed by nurse cells and enriched to the posterior pole of the
oocyte (Fig. 3C). Dm-ensconsin (CG14998) mRNA was distributed
near the oocyte nucleus in stage 9 egg chambers (Fig. 3D).Evolutionarily conserved recognition of localization sequences
Four transcripts localized in the honeybee oocyte were chosen
for injection into honeybee and Drosophila ovaries. We chose two
with orthologues that also have localized RNA in Drosophila (tsu and
PkaC1; (Ding and Lipshitz, 1993; Lane and Kalderon, 1995) and two
transcripts are whose orthologous transcripts are expressed, but not
localized, in Drosophila (GB13806 and GB17282, Table 1).
Transcripts representing RNA were synthesized in vitro from
templates containing full-length (coding and any predicted UTRs
based on the genome annotation) sequences and ﬂuorescently
labeled with Alexaﬂuor-488 (Invitrogen). Following microinjection,
ovarioles were incubated for 5 h in media and then examined under
a ﬂuorescent microscope. Injected mRNAs appears as spots or
aggregates of ﬂuorescent label, consistent with packaging as part
of ribonucleoproteins for transport (Supplementary Fig. 1), found in
similar experiments in Drosophila ovaries (Snee et al., 2005).
Am-tsu488 injected RNA was distributed from the anterior to
the posterior pole in stage 5 oocytes but was restricted to the
anterior end at stage 8 (Fig. 4A and B) as found for the nativel function is based on function(s) of Drosophila orthologues (as determined by
terms) together (Supplementary Files 4–6) and the clustered groups with the most
s for each cluster is shown.
Fig. 3. Ovary expression of Drosophila orthologues of localized Apis transcripts. Detection of Drosophila orthologues of localized Apis transcripts in the Drosophila egg
chamber. (A) Expression of CG7015, CG10107, CG30035, CG5447, CG18438, Dm-CTCF, CG4043, CG2021, CG6190, CG9429 and CG6292 Drosophila transcripts in late stage egg
chambers. These transcripts were expressed and RNA detected in the nurse cells and oocyte, but no localization of these transcripts was found. No maternal expression was
detected for CG2021 and CG13399. (B) Three Drosophila RNA transcripts that were found to be localized in Drosophila egg chambers. Drosophila mRNA for Dm-TOP2 was
localized to the Drosophila oocyte (arrow) and in cellular aggregates at stage 6. In stage 8 egg chambers, Dm-TOP2 was found at the anterior, localized to the dorsal and
ventral corners of the oocyte (arrows). Dm-Droj2 RNA was found restricted to the posterior pole of the oocyte (arrow) and throughout the nurse cell cluster. CG14998 RNA
was localized to the anterior–dorsal side near the Drosophila oocyte nucleus. Drosophila egg chambers (staged 6–14) are shown anterior to the left, dorsal side up.
Table 1
Summary of oocyte expression in Apis and Drosophila for orthologous transcripts.
Transcript ID
(Apis/Dm)
Oocyte localization
Honeybee
Drosophila
GB17175/PkaC1 Posterior Posteriorn
GB14966/CG2021 Anterior NED
GB1187/CG7015 Posterior Weak expression
GB14966/CG13399 Anterior NED
GB11925/CG10107 Posterior Throughout oocyte
GB13688/CG30035 Posterior Throughout oocyte
GB13806/CG5447 Anterior Throughout oocyte
GB12618/CG4043 Anterior Throughout oocyte
GB17839/CG6190 Posterior Throughout oocyte
GB17282/CG9429 Anterior and posterior
poles
Throughout oocyte
GB13539/CG6292 Posterior Throughout oocyte
GB11911/TOP2 Posterior Anterior/dorsal
GB12215/Droj2 Posterior Posterior
GB12151/CG14998
(ensconsin)
Anterior Anterior–dorsal, near oocyte
nucleus
GB14758/CG1242
(hsp83)
Posterior Posteriorn
NED¼no expression detected.
n Ding and Lipshitz (1993), Lane and Kalderon (1995).
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uted throughout the developing oocyte and then became enriched
at the anterior pole, near the oocyte nucleus (Fig. 4D and E,
arrows), similar to expression of the endogenous transcript
(Fig. 4F). Am-GB17282488 was enriched to one side of the oocyte
and later towards the posterior pole, where it is enriched by stage
8 (Fig. 4G and H). This is similar to the endogenous transcript
(Fig. 4I and Fig. 1), however no anterior pole enrichment was
found, implying the injected RNA may lack the sequencesrequired for this pattern of distribution. Am-PkaC1-labeled tran-
script localized towards the posterior end in stage 5 oocytes, later
becoming enriched to the posterior half of late stage oocytes
(Fig. 4J and K). This conﬁrmed that the microinjected Alexaﬂuor-
488 labeled-RNAs contained localization signals that directed
localization to the anterior, dorsal and posterior axes of the
oocyte.
To determine if these honeybee RNAs contained localization
signals that were recognizable in Drosophila, we microinjected
ﬂuorescently labeled transcripts into the nurse cells of stage 7–8
egg chambers. After incubation at 25 1C, we examined the distribu-
tion of Alexaﬂuor-488-labelled-Apis transcripts. Am-GB13806488
became enriched to the anterior–dorsal end of the Drosophila oocyte
as was Am-tsu488 (Fig. 4M and O); both are also anteriorly
distributed in the honeybee oocyte (Fig. 1 and Fig. 4). Both
Am-GB17282488 and Am-PkaC1488 were asymmetrically distributed
to the posterior poles of the Drosophila oocyte (Fig. 4N and P) but no
dorsal localization was found for GB17282488 unlike in honeybee
early oocytes (Fig. 4G). This implies that the Drosophila localization
machinery was able to recognize signals within these transcripts
and asymmetrically distribute them.Identiﬁcation of a novel localization sequence for honeybee tll
Additionally, we examined the localization of Am-tll, a tran-
script we have identiﬁed previously as having an unusual locali-
zation pattern in the honeybee (Wilson and Dearden, 2009).
Am-tll is enriched around the honeybee oocyte nucleus in early
stages as well as along the dorsal side of the oocyte (Wilson and
Dearden, 2009). In Drosophila tll is not expressed maternally and
the transcript is not known to be localized during Drosophila
embryonic development (Pignoni et al., 1990). We microinjected
both full-length transcripts, and a truncated transcript containing
only the ORF for Am-tll (Wilson and Dearden, 2009) into honeybee
Fig. 4. Localization of ﬂuorescently labeled capped-RNAs in honeybee oocytes. In vitro synthesized transcribed RNAs labeled with UTP-488 were injected into the nurse cells of
stage 2–4 oocytes and examined following incubated for 5 h at 35 1C. Expression of the endogenous transcript is shown in (C), (F), (I), and (L) panels for comparison. Am-
tsu488 in stage 5 oocytes becomes enriched to the anterior (A) and is clearly distributed at the anterior–dorsal pole by stage 8 ((B); arrow). Am-GB13806488 found through
most of the stage 5 oocyte (D) but it was present mainly at the anterior–dorsal end of the oocyte by stage 8 ((E); arrow). Am-GB17282488 was also detected on one side of
the oocyte ((G); arrow), becoming restricted to the posterior pole by stage 8 ((H); arrow). Labeled Am-PkaC1488 became quickly enriched to the posterior pole ((J) and (K);
arrows). Honeybee Alexa-488 labeled transcripts were microinjected into the nurse cells of freshly dissected Drosophila egg chambers. Am-tsu488 was enriched to the
anterior–dorsal region of the Drosophila oocyte ((M), arrow), as was Am-GB13806488 ((N), arrow). Am-PkaC1488 became enriched to the posterior ((O), arrow), as did
Am-GB17282488 ((P), arrow). Honeybee oocytes are shown anterior to the left and dorsal side up. Stage 9 Drosophila egg chambers are shown anterior to the left and dorsal
side up. Abbreviations: oocyte nucleus (ON).
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oocyte (Fig. 5A and B, full-length Am-tll data not shown). When
injected into Drosophila, the nurse cells of Drosophila egg cham-
bers, Am-tll ORF488 transported and localized in Drosophila oocytes
to the anterior pole near the oocyte nucleus, (Fig. 5D). This
implies that the Am-tll ORF contains a signal that was recognized
by both Drosophila and honeybee RNA transport machinery,
although resulting in a different pattern of distribution. We
identiﬁed a stem-loop-stem structure at the 50 end of the Am-tll
transcript using RNA fold (http://rna.tbi.univie.ac.at/cgi-bin/RNA
fold.cgi; Fig. 5F) that we removed from the transcript by PCR
ampliﬁcation (Am-tll delSLS; Fig. 6E). Stem-loop structures are
known to be localization signals that mediate RNA localization
through interaction with the ribonucleoprotein complex for
transport (Cohen et al., 2005; Macdonald, 2011). Microinjected
Am-tll delSLS failed to localize in either Drosophila (Fig. 5G) or
honeybee oocytes (Fig. 5H), indicating that this part of the Am-tll
ORF mRNA contained a localization signal. No secondary structure
or signal sequence could be identiﬁed in the Drosophila or Nasonia
orthologue of tailless (Fig. 5I).Discussion
To investigate the patterns of evolution of localizes RNAs in
insect oocytes we ﬁrst determined the types of transcripts that
are asymmetrically distributed in Honeybee oocytes by laser
capture microscopy and microarray analysis. Second, we carried
out a comparative analysis with Drosophila and found that many
of orthologues of these honeybee mRNAs were not asymmetri-
cally distributed in the Drosophila oocyte. Finally we showed that
differing RNA distribution in oocytes between Drosophila and the
honeybee are likely to be due to evolution of new putative signal
sequences rather than major changes to the type of transport
machinery evolved.Genes with asymmetrically distributed RNA in honeybee
oocytes
Gene Ontology analysis of transcripts distributed to the poles
of the oocyte, showed enrichment for transcripts associated with
Fig. 5. RNA localization of Am-tll requires a sequence(s) encoded in the 50 end of the transcript. Given its unique localization patterning in honeybees, we microinjected
labeled Am-tll RNA into honeybee and Drosophila ovarioles or egg chambers. Am-tll ORF488 was found across one side and nearer to the posterior pole of the mid-stage
oocyte (stage 6; (A) arrow) and late stage oocyte (stage 8; (B) arrows). This pattern is similar to the localization pattern of endogenous Am-tll as shown by in situ
hybridization ((C), arrows and (Wilson and Dearden, 2009)). In Drosophila egg chambers, Am-tll ORF488 was also localized to the anterior pole, near the oocyte nucleus
(arrow, (D)). Am-tll delSLS, which has 100 bp of sequence deleted (E) that includes a stem-loop-stem secondary structure (F) fails to localize in Drosophila oocytes (G) or
honeybee oocytes (H). (I) ClustalX alignment of Apis tll putative localization signal (boxed) with the corresponding regions in Nasonia tll (Nv-tll) and Drosophila tll (Dm-tll)
sequences. Abbreviations: oocyte nucleus (ON), Am-tll full-length transcript (Am-tll FL), Am-tll open reading frame (Am-tll ORF), Am-tll ORF with the SLS sequence removed
(Am-tll delSLS).
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cell (Fig. 2). Previously it has been shown that mRNAs encoding
cytoskeletal proteins such as tubulin and actin and their asso-
ciated proteins are localized within various differentiated cell
types (Becalska and Gavis, 2009; Fulton, 1993; Kislauskis et al., 1994).
This generates localized synthesis of cytoskeletal-associated proteins
at sites in the cell where they are required. Here we have found that
transcripts encoding cytoskeleton components and their associated
factors are some of the most abundantly localized transcripts in the
oocyte implying that asymmetric localization of cytoskeletal protein
mRNA may be part of the generation of cellular asymmetry that
underlies axis formation in insects.
Our array analysis also found an overrepresentation of genes
involved in neuronal processes (GO:00016082), P¼0.001; Supple-
mentary File 6). Neural cells are an example of a differentiated
cell type that make considerable use of RNA trafﬁcking and
localization to transport mRNAs into the dendrites and axons
from the cell body for localized protein synthesis (Bramham and
Wells, 2007).
We identiﬁed a member of the Wnt family (Am-WntA, also
known as Wnt4a (Bolognesi et al., 2008a) that has transcripts that
become enriched to the anterior region of the honeybee oocyte
(Am-wntA, Fig. 1). Wnt family members in other arthropods are
also involved in segmentation and patterning (Dearden and
Akam, 2001; Forbes et al., 1996; Janssen et al., 2010). WntA
orthologues, however, are not well studied. In those arthropods
in which expression of WntA during embryogenesis has been
examined, reveals that it differs considerably between species
(Bolognesi et al., 2008a, 2008b; Murat et al., 2010). Expression of
WntA orthologues in ovaries has not been examined.The anterior pole is the site of RNA entry to the oocyte from
the nearby nurse cell cluster (where RNA synthesis occurs). This is
also the pole where we found enrichment of RNAs that encode
mRNA processing machinery including factors involved in stabi-
lization and processing of the primary transcript for later transla-
tion (GO:0006397, P¼0.007). Gene products involved in RNA
processing (for example, Mago Nashi and oskar) have found to
be required for the localization of RNAs in the cytoplasm of the
Drosophila oocyte (Ephrussi and Lehmann, 1992; Micklem et al.,
1997; Mohr et al., 2001). Dcp1 (decapping protein 1) is required
for the degradation of maternal RNAs such as oskar and bicoid, in
early Drosophila embryogenesis. Its protein product is localized to
the posterior of late stage Drosophila oocytes along with oskarmRNA
(Lin et al., 2008). We found that Am-dcp1 mRNA is enriched at the
posterior pole of honeybee oocytes, despite a lack of oskar and bicoid
orthologues in the honeybee genome (Dearden et al., 2006).
The anterior pole of the oocyte is also the location of nurse cell
‘dumping’ in late oogenesis, as well as the entry point of
ribonucleo-proteins into the oocyte. Transcripts encoding regula-
tors of apoptosis (PINK1 (GB19578), Ark (Apaf-1 related killer;
GB14659) and Am-WntA (GB10450)) were found enriched at the
anterior of the queen oocyte (GO:0042981, P¼0.006). The neigh-
boring nurse cell cluster is undergoing apoptosis and this enrich-
ment of apoptosis-associated transcripts maybe associated with
cell death of the nearby nurse cell cluster. At the end of oogenesis,
NCs dump cytoplasm into the oocyte (Cavaliere et al., 1998)
perhaps explaining the presence of these transcripts at the
anterior pole.
At the posterior of the oocyte, transcripts encoding factors
involved in the epigenetic regulation of gene expression were
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00445449, P¼0.03). In Drosophila, members of the polycomb/
trithorax family and PaxiP1 (histone H3K4 methyltransferase) are
important for correct axis speciﬁcation and segmentation by
maintaining gene expression (Fang et al., 2009). Dorsal switch
protein (Dsp1) is an enhancer of trithorax and polycomb family
members (Dejardin et al., 2005) and Am-Dsp1 RNA (GB19168) is
localized to the posterior pole of honeybee oocytes. Am-Brahma
(GB13381), which forms part of the SWI/SNF chromatin remodel-
ing complex and Am-Topoisomerase-2 (TOP-2; GB11911), required
for altering DNA topology, were also localized to the posterior.
Interestingly we found that Dm-TOP2 was also localized, although
to the anterior D/V region of the oocyte.The complement of distributed RNAs differs between species
Having identiﬁed a set of genes with asymmetrically distrib-
uted RNA in the honeybee oocyte, we examined the expression of
their Drosophila orthologues in Drosophila oocytes. Surprisingly
only 30% of these genes have localized RNAs in both species, and
in some cases (such as TOP2), the RNA is localized in both species,
but to different regions of the oocyte.
Many of the key axis formation regulators from Drosophila are
absent from the honeybee genome (Dearden et al., 2006), and the
honeybee seems not to have pole-plasm (Dearden, 2006), the
specialized cytoplasm, containing localized RNA, that deﬁnes
germ-cells in Drosophila and other insects. These ﬁndings lead
us to the expectation that we will ﬁnd differences in genes with
localized RNA between these two species, but our data further
implies that the complement of localized RNAs is very different.
This is also supported by previous studies that have examined
single transcripts and shown differences in localization between
more closely related species, such as Nasonia, and the honeybee
(Lynch et al., 2006a; Wilson and Dearden, 2009; Wilson et al.,
2010). These data imply that the complement of localized RNAs in
insect embryos, despite their role in axis formation and pattern-
ing, is relatively rapidly evolving.Conservation of the RNA transport machinery and signals
We have shown that honeybee transcripts, with Drosophila
orthologues with RNA that is not asymmetrically distributed in
oocytes, were, when injected into Drosophila egg chambers, were
enriched at either the anterior or posterior of the Drosophila
oocyte. This ﬁnding implies that signals within those transcripts
are recognized by the RNA transport machinery in the Drosophila
ovary, transported into the oocyte, and localized within the
oocyte cytoplasm (Fig. 5). This analysis implies that the transport
machinery and signal recognition processes are conserved
between Drosophila and honeybee. This is perhaps not surprising
given the role of the conserved cytoskeleton in RNA localization
and the ﬁnding that the same RNA transport machinery and
signals are utilized during both Drosophila oogenesis and embry-
ogenesis (Bullock and Ish-Horowicz, 2001), implying that this
process is not a novel characteristic of the ovary, but a funda-
mental cellular process.
Differences in structure of the cytoplasm may also explain
difference in patterns of RNA localization of the same transcript
between different insects (for example Am-tll). While the signals
that are recognized by the RNA localization machinery may be the
same, variances in the organization of the cytoskeleton may mean
that the location the RNA is delivered to differs between species.Evolution of RNA localization and symmetry breaking
Our results show that while the machinery and signal recogni-
tion processes that localize RNA are conserved, the complement
of RNAs transported and localized by this system is more rapidly
evolving. We propose that the acquisition of RNA localization may
be as simple as the evolution of one of these recognition signals in
a transcript, allowing it to be captured by the conserved localiza-
tion machinery. This is supported by our discovery of a novel
recognition sequence in the Am-tll transcript, not present in
orthologues in other insects. That RNA localization of a transcript
is relatively simple to attain is supported by three observations.
(1) Many genes have localized RNAs in some cell or tissue (as by
studies that show a great deal of RNA localization in Drosophila
embryos (Lecuyer et al., 2007)) (2) The complement of localized
RNAs would evolve relatively rapidly (this study), and (3) The
location of some RNAs may be irrelevant to their later function
(as shown for Am-tll (Wilson and Dearden, 2009) and Am-cad
(Wilson et al., 2010)).
The ease by which a RNA may become localized has implica-
tions for the evolution of axis formation in insects. In Drosophila,
the key anterior molecule, localized by this conserved system, is
bicoid. It seems likely that part of the co-option of bicoid into
anterior patterning was its ‘capture’ by the RNA localization
machinery, presumably through the evolution of a binding site
in the transcript. Honeybees, lacking bicoid, have a different
cohort of transcripts that are localized by these systems.
This pool of transcripts thus provides a store of RNAs that break
the symmetry of the oocyte, and thus may provide novel patterning
molecules that inﬂuence axis formation. That the systems that
regulate the ﬁrst steps of axis formation in Drosophila are not
conserved, may, in part, be explained by this pool of localized RNAs
that can help delineate different areas of the oocyte, and thus
provide pattern for embryogenesis to build on. The evolution of
novel binding sites leading to novel RNA localization may thus be a
key component of the evolution of novel axis formation systems.Acknowledgments
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